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ABSTRACT 

We study the mass transfer rates and disk stability conditions of ultracompact X-ray binaries 
(UCXBs) using empirical time-averaged X-ray luminosities from Paper I (Cartwright et al. 2013) 
and compiled information from the literature. The majority of UCXBs are consistent with evolution- 
ary tracks for white dwarf donors. Three UCXBs with orbital periods longer than 40 minutes have 
mass transfer rates above 10 -10 Mq /year, inconsistent with white dwarf donor tracks. We show that 
if helium star donors can retain their initial high entropy, they can explain the observed mass transfer 
rates of these UCXBs. 

Several UCXBs show persistent luminosities apparently below the disk instability limit for irradiated 
He accretion disks. We point out that a predominantly C and/or O disk (as observed in the optical 
spectra of several) lowers the disk instability limit, explaining this disagreement. The orbital period 
and low time-averaged mass transfer rate of 2S 0918-549 provide evidence that the donor star is a 
low-entropy C/O white dwarf, consistent with optical spectra. 

We combine existing information to constrain the masses of the donors in 4U 1916-053 (0.064±0.010 
M Q ) and 4U 1626-67 (<0.036 M© for a 1.4 M Q neutron star). We show that 4U 1626-67 is indeed 
persistent, and not undergoing a transient outburst, leaving He star models as the best explanation 
for the donor. 

Subject headings: binariesX-ray — globular clusters: general — accretion. 



1. INTRODUCTION 

Ultra-compact X-ray binaries (UCXBs) contain a neu- 
tron star (or black hole; black hole systems have not 
been confirmed yet) accretor and a compact donor star, 
with an orbital period P or b < 80 minutes. The donors 
must be hydr ogen-deficient, partially or fully degener- 
ate s tars (e.g. iRappaport et al.l fl982: Dc love &; Bildsten] 
2003). UCXBs are preferentially produced in globu- 
lar clusters (GCs), likely due to enhanced formation 
rates in such regions due to close dynamical interactions 
dVerbuntl 119871 : iDeutsch et al.l[2000t llvanova et al.ll2005l 
2010). 

Three major scenarios for the nat ure of UCXB donors 
have been extensively discussed (e.g. lNelemans fc Jonkerl 
[20101) : we briefly review them below. A binary of a low- 
mass white dwarf (WD) and neutron star (NS) will lose 
angular momentum by gravitational radiation, forcing 
the WD to eventually beg in transferring mass to the NS 
(|Pringle fc Webbinkl Tl975h ; we call this the WD evolu- 
tion scenario. Mass transfer starting as the donor as- 
cends the subgiant branch can lead to decreasing periods, 
down to below an ho ur, as the degenera te, hydrogen- 
poor core is exposed (Nelson et al. 1986); we call this 
the evolved main-sequence evolution scenario. Finally, 
the donor star may be a helium star, burning helium 
in its core, at the time of contact (|Savoniie et alj fl986). 
known as the He star evolution scenario. Each scenario 
predicts different mass-transfer rates (due principally to 
the different entropies of the don or star) and different 
donor chemical compositions (see INelemans et al.l 120101 
for a review). Thermonuclear X-ray bursts on NSs ex- 
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hibit different characteristics depending on the nature 
of the fuel being burned (hydrogen or helium) , and can 
therefore help constrain the composition of the accreted 
fuel re.g. lCummiiiil^CjllGariowav et al.l[2008l) . 

UCXB systems can be roughly categorized as persis- 
tent (over the ~decades we have been observing them) 
or transient. Transient UCXBs spend the majority of 
the time in a quiescent state with little or no accretion, 
punctuated by occasional outbursts. Whether a UCXB 
will be persistent or transient depends upon the mass- 
transfer rate (M) of the system. A high M, and the 
resulting heating of the accretion disk through friction 
and X-ray irradiation, maintains the accretion disk in an 
ionized state with a high viscos ity, which allows contin- 
ued mass flow through the disk ()Osakilll974l; iWhite et~al"1 
Il98i ILasotal[200l . If M from the companion is below 

some critical rate M cr n, the mass transfer is unable to 
keep the entire accretion disk ionized. The viscosity de- 
creases, stopping mass flow through the disk until enough 
mass builds up to re-ionize the disk; this leads to tran- 
sient behavior. 

The value of M cr n depends on the orbital period, as 
smaller disks require smaller M to mai ntain the en- 
tire disk in an ionized state (|Smakl 119831 ) . It also de- 
pends upon the chemical composition of the disk, as 
lower- ionization-po tential atoms allow faster ionization 
(M cnou et~aT1[200l . and upon the effects of irradiation 
of the disk, which keeps it ionized to lower mass-transfer 
rates (iDubus et al.lll999T) . Dubus et al. stressed that 
the numerical calculation of the effects of i rradia tion is 
still significantly uncertain. lLasota et al.l (|2008j ) noted 
that several persistent UCXBs appeared to be below the 
critical mass-transfer rate for stability of He disks, and 
suggested that the donors may contain some hydrogen, 
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w hich would l o wer th e critical mass-transfer rate. 

Uuett et all (|2001l ) presented evidence that five X- 
ray binaries have unusual O/Ne ratios in their X-ray 
absorption spectra, suggesting that these donors were 
originally C/O or O/Ne/Mg W Ds (though the Ne in 
many cases may be int erstellar, Uuett fc Ch akrabartv 
120051 iKrauss et alj[2007h . 4U 1626 -67 shows clear ev- 
idence of C, O and Ne in X-ray (jSchulz et al.l I2001D 
and ultraviolet (|Homer et al.l I2002D spectr o scopy , with- 
out evidence of h e lium iNelemans et all (|2004 l2006f ) 
and iWerner et al.l (|2006| ) presented evidence from op- 
tical spectroscopy that two UCXBs (4U 1626-67, 4U 
0614+09) clearly lack hydrogen and helium lines but 
exhibit carbon and oxygen lines , indicating tha t these 
systems have C/O WD donors. INelemans et al.l (2006) 
also showed that 4U 1543-624 & 2S 0918-549 show opti- 
cal spectra similar to 4U 0614+09. iDieball et all ()2005l ) 
presented evidence from ultraviolet photometry requir- 
ing carbon in the disk of M15 X-2, and probably helium 
as well. Broad oxygen emission lines have been iden- 
tified in high-resol ution X-ray spectra of 4U 1543-624 
and 4U 0614+091 (IMadei et al.ll20Tol ISchulz et al.l l20Tol: 
iMadej fe~j onkcr 201l|). Thus C/O donors are likely com- 
mon in UCXBs, and the mass-transfer stability behavior 
of C/O disks is likely to be important. 

This apparent lack of helium poses problems for our 
understanding of the observed X-ray bursts, as their 
properties indica te the presence of substantial amounts of 
helium (see, e.g. Uuett e t al.1 120031: l in't Zand et"aTl l2007l: 
iKuulkers et al.1 20101 ) . Spallation o f heavy nuclei by ac- 
creting material to produce helium (jBildsten et al.lfl992|) 
has been repeatedly suggested as a possible solution, but 
suffers two well-recognized problems: the spallation re- 
quires infalling material of very different A/Z values, 
which is har d to understand in pre dominantly C/O ac- 
cretion disks (|in't Zand et al.ll2005ah : and such spallation 
would also produce sufficient hydrogen to alter the char- 
acteristics of X-ra y bursts, which in most UCXBs show - 
no ev idence of H |Cummindl2"003l: iGallowav et~aT] 120081 
l201fl . 

The overabundance of C/ O disks among UCXB s has 
been widely discussed (e.g. INelemans et al.l 120101 ) , but 
is not understood, since standard population syntheses 
tend to prod uce far more He WD systems than C/O 
WD systems (fNclcman s et al.ll2010t : iBelczvnski fc Taaml 
120041 ). Hybrid WDs of mass <0.45 M^are thought to 
be n eeded to explain the C/O disks (|Yungelson et al.l 
2002). The reason is that high-mass donor WDs will 
produce extremely high (super-Eddington) mass trans- 
fer rates when they make contact at small periods, and 
the accretor may be unable to expel the accreting ma- 
terial for >0.45 M Q donor WDs. It is unclear whether 
these hybrid WDs can also contain sufficient helium to 
produce X-ray bursts, without substantial fine-tuning of 
the model. 

In Paper I ()Cartwright et al.ll2013|) , we compiled a list 
of certain UCXBs, and used Rossi X-ray Timing Explorer 
fRXT E) bulge scan observations ([Swank fc M arkwardt 
1200 1| ) and Monitor of All-Sky X-ray Image (MAXI) 
monitoring lightcurves (jSugizaki et al.l 120111 ). supple- 
mented with Chandra observations, RXTE All-Sky Mon- 
itor (RXTE/ASM) data, and literature reports, to con- 
struct histograms of the luminosities of these UCXBs. 
With these measurements, we constructed an empirical 
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Fig. 1. — Observed periods and M (from long-term X-ray 
lightcurves) of UCXBs, with persistent systems as dots, transients 
as triangles (with M upper limits for transient systems with only 
one recorde d outburst). M values were calculated from the in- 
formation in Cartwright et al. (2013). Errors correspond to a 25% 
error in the bolometric correction factor (2.9), combined in quadra- 
ture with errors in distance. Symbol colors indicate spectroscopic 
information on disk composition; red for helium, blue for carbon 
and/or oxygen, black for no information. 4U 1728-34 and 4U 
0614+091 are marked with open symbols, to indicate that the sug- 
gested orbital periods may not be correct . Theoretical evolu tion 
tracks for WD UCXBs from C. Deloye and lLasota et al.l (I2008T) are 
plotted as red dotted lines, for an initially 0.325 Mq secondary, 
a 1.4 Mq NS, and degeneracy parameters ?/> of 3.0 (lower curve; 
lower entropy donor) a nd 1.5 (upper curve ; highe r entropy donor). 
Additional tracks from Dcloyc & Bildstcn (2003) give low-entropy 
tracks for C (green long-dashed) and O (blue dash-dotted) donors. 
Note that the majority of UCXBs are consistent with WD UCXB 
evolutionary tracks, apart from three systems with high mass trans- 
fer at long periods, and possibly 4U 1728-34 at 10.8 minutes. 

luminosity function for galactic UCXBs. Here we use 
the time-averaged luminosities from Paper I to interpret 
the behavior of individual UCXBs where the period is 
known (or suggested), reviewing a wide body of litera- 
ture to identify critical information. We give relevant 
information for these UCXBs in Table 1. 

2. TIME-AVERAGED LUMINOSITIES VS. PERIOD 
We construct a version of lLasota et al.l (|2008f ) 's plot of 
UCXB M vs. orbital period in Fig. Q] using our time- 
averaged X-ray luminosity calculations (Table 1; see Pa- 
per I for detail s on the derivation) an d a bolometric cor- 
rection of 2.9 (lin't Zand et al.l 12007}) . We estimate a ~ 
25% error associated with the bolometric correction fac- 
tor and use distance errors as given in Table 1 (for 4U 
1543-624, we estimate a distance uncertainty of ~ 50%, 
see Paper I) . These errors are combined in quadrature to 
produce upper and lower error estimates for M (Table 
1, Fig. 1). In calculating M, we assume a 1.4 Mq NS 
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Source 


Location 


Distance 


Period 


N H A 


verage mass transfer 


Spectral 


Bursts? 






(kpc) 


(minutes) (10 


21 cm" 2 ) 


M /year 


data 


(nature) 


Persistent systems 


4U 1728-34 


Bulge 


5.2 ±0.8° 


10.8? a 


22. 9 a 


2.0 ± 1.2 x 10" 9 




Yes; He a 


4U 1820-303 


GC 


7.9 ± 0A b 


ll c 


1.6 d 


1.2 ±0.6 x 10" 8 




Yes; He" 


4U 0513-40 


GC 


12.1 ±0.6 b 


17 e 


0.26 d 


1.2 ±0.6 x 10~ 9 




Yes 


2S 0918-549 


Field 


5.4 ±0.8^ 


17.49 


3.0 h 


2.6 ± 1.5 x 10" 10 


C/0? K ' A 


Yes; He/ 


4U 1543-624 


Field 


7.0? 1 


18. 2 l 


3.5 h 


1.3±i;| x 10~ 9 


C/0? K ;O fl 


No 


4U 1850-087 


GC 


6.9±0.3 6 


20.6-? 


3.9 d 


2.2 ± 1.1 x 10- 10 




Yes 


M15 X-2 


GC 


10.4±0.5 b 


22.6 fe 


0.67 ! 


3.8 ± 1.9 x 10~ 10 


C,He fe 


Yes 


4U 1626-67 


Field 




42 m 


1.4™ 


8tg 4 x lO" 10 


C,0 ! Ne«-' r ' <T ' A 


No 


4U 1916-053 


Field 


9.3 ± 1.4° 


50? 


3.2? 


6.3 ± 3.7 x 10" 10 


He,N A 


Yes 


4U 0614+091 


Field 


3.2±0.5 r 


51? s 


3.0* 


3.9 ±2.3 x lO" 10 




' Yes 


Transient systems 


XTE J1807-294 


Bulge 


q+4 x 
8 -3.3 


40.1" 


5.6 Z 


< 1.5+i' 9 x 10" 11 




No 


XTE J1751-305 


Bulge 


d + 0.5 oj 
°-1.3 


42^ 


9.8 7 


5.1±H x lO" 12 




No 


XTE J0929-314 


Field 


S -3 


43.6 s 


0.76 e 


< 9.7i 25 7 x 10~ 12 


c/o? A 


No 


Swift J1756. 9-2508 


Bulge 


8±4« 


54.7 C 


54 c 


1.7+ 2 '? x 10 -11 




No 


NGC 6440 X-2 


GC 


8.5±0.4 6 


57.3" 


5.9 b 


i.ot°j x w" 12 




No 



TABLE 1 

UCXBS WITH KNOWN OR SUGGESTED PERIODS, WITH BEST ESTIMATES OF THEIR DISTANCE AND N H , OUR ESTIMATE OF THEIR MASS 
TRANSFER RATE USING THE MONITORING IN PAPER 1, AND LITERATURE INFORMATION ON IDENTIFICATION OF SPECTRA AND PROPERTIES OF 
THERMONUCLEAR BURSTS (He MEANS THE ACCRETED MATTER LACKS H). LOCATION IN THE GALACTIC FIELD, (DIRECTION OF THE) BULGE, 

o r in a Globular Clust er (GC) is also specified. Distance errors are ranges from indirect estimates; 15% errors on bursts 
I|Kuulkers et al1|2003I ): 5% errors on GC distances. Periods and compositions supported by only weak evidence have '?'s. 
Spectral data from optical, X-ray, or UV spectroscopy. References: IGalloway et alI 1120101) : 'Harris ( 20101) ; 
IStella etalI (119871) ; ISidoli et~al] (120011) ; IZurek et~ai~J (120091) ; J |in't Zand et al.I H2005AI) ; 3ZHONG fc WangI (120111) ; 
fc JuBTT & Chakrabarty (2003); 'Wang & Chakrabarty (2004), distance estimate assumes M driven by GR; - IHqmer et al.I 
lfT996l); UTieball et alI (12001); TWh ite & Angelini (2001); m Chakra bartyI iflMD; IKrauss et al.I ||2u07|); IYoshidaI (IT993T) ; 

Walter et al.I l|1982l) : ^Church et al.I (119981) : IBraNDT et al.I (|1992I1 : IShAHBAz et al.I J2008); 'Piraino et al] ()1999l) : 
^Gallo way (2006); HIahkwar dt et al.I (120031) ; ' IFalanga et al.I (1200511 ; °[Papitto et al. (2008); ^ Mar.kwar.dt et ~al1 (120021) ; 
IMiller etmTJ ()2003l ): ^Galloww et al.I (1200211 : Uuett et alI (j2003l ): HKrimm et~al1 (|2007l) : IAltamirano et al.I (|201011 : 6 
ICummingI (1200311 ; 1NELEMANS ET AL.I (I2004I1 ; a Neleman s ET AL.I (1200611 ; HMadej fc JonkerJ (|2011l) ; ^Sciiulz et~al1 1200111 ; 
IHomer et~aT7J (120021) ; " IWerner et AL.I (120061) ; t ISchulz etTlI (120101) ; ^ IMadej et~aT7J 1120101) . 
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with an 11.5 km radius (e.g. iSteiner et~aT1[20T2l) . (P re- 
dicted model mass transfer rates vary linearly with the 
NS mass, while luminosity-inferred mass transfer rates 
vary inversely with the NS mass. Nevertheless, the errors 
introduced by these choices are generally smaller than 
the other uncertainties.) We differ from many previous 
works in regarding 4U 1626-67 as a persistent, rather 
than transient, source, considering its short orbital pe- 
riod (and thus small disk) , 40 years of continuous activity 
(vs. ^month-long outbursts of transient UCXBs of simi- 
lar periods), and currently increasing Lx (see below). M 
values for 4 of the transient s ources are very s imilar to 
previous literature estimates bv lGallowavl (120061) for X TE 
J1807-294 and XTE J0929-314, IHeinke et all (120091) for 
XTE J1751-305, and IHeinke et al.l (|2010t l for NGC 6440 
X-2. Our range for Swift J1756.9-2508 (rather wide, due 
princip ally to its distance unc ertainty) is consistent with 
that of iPatruno et al.l (120101) . although i t still includes 
the lower estimate of iKrimm et al.l (|2007l ). The general 
features of this plot are similar to the calculations by 
Ivan Haaften et all (|2012d ). though we include an addi- 
tional source (NGC 6440 X-2) and obtain smaller error 
bars for our fainter sources. 

The timescales over which these average mass trans- 
fer rates are calculated vary from 2.7 years (for the 
MAXI sources), to 15 years for the two sources where 
RXTE ASM data was used, and is typically 12 years 
for the PCA bulge scan sources. The length of the 
timescales used limits our accuracy in determining the 
mass-transfer rate, as systems may go through cycles of 
enhanced mass transfer on tim escales longer than our 
datasets (|Kotze fc C harles 2010). Evidence of such vari- 
ations include the well-studied decline (and now rise, 
by a similar factor of ~5) of 4U 1626-67's mass trans- 
fer (IChakrabartv fc Rochel 119971 [C amero-Arranz et al.l 
l2010HJain et al.l2010T ) , and the limited se ries of outbursts 
from NGC 6440 X-2 (|Heinke et al.ll20Toh . The nature of 
such cycles is not clear (especially for degenerate donors) , 
but the possibility of such behavior must be considered 
as a caveat when interpreting our results. 

2.1. Evolutionary tracks 

We first consider the evolution of WD UCXB s, as 
discussed in deta il by IDelove fc Bildstenl (|2003l ) and 
Ivan Haaften et al.l (|2012bJ). We plot, in Fig. 1, tracks 
fo r adiabatic UCXB ev olution from C. Deloye, as shown 
in ILasota et al.l (|2008D , for low-entropy or high-entropy 
He donors (dotted lines) , and tracks for low-entropy C o r 
O donors (dashed lines) from IDelove fc Bildstenl |2003). 
These tracks consider that WDs are not completely de- 
generate at the start of the mass transfer, and hence 
have some final entropy in the center, providing some 
range in possible mass tra nsfer rates for the same period 
(|Delove fc Bildstenl 12001) . This effect decays for long 
periods, as the donor has time to thermally relax, ex- 
plaining the return of the high-entropy track towards the 
low-entropy track (jDelove et al.1120071) . 

These tracks reasonably describe most of our UCXBs, 
apart from 4U 1728-34 (which does not have strong evi- 
dence yet for the suggested period) and three interesting 
long-period objects with high mass transfer rates (the 
period of 4U 0614+091 is als o not certain) , which we e x- 
clude for the moment. Using IDelove fc Bildste n (2003)'s 



calculations of UCXB number distributions for assumed 
7W=-0.2 (appropriate for helium donors), we expect 6 
times more He UCXBs between 15 and 25 minutes as 
between 5 and 15, consistent with the relative numbers 
(4U 1820-30 vs. the five systems in the later bracket). 
Slightly larger numbers of longer-period systems are ex- 
pected for C or O donors. We expect 29 times more 
He UCXBs on these tracks with 25<P<60 minutes as 
5<P<25 minutes, giving a total of ^175 UCXBs beyond 
25 minutes, many more than the five known. The unseen 
long-period systems might be persistent, be transient, or 
have stopped mass transfer. 

Persistent systems beyond 25 minutes, with expected 
Lx < 10 36 ergs/s, would be hard to detect and charac- 
terize, though they are unlikely to remain persistent at 
significantly longer periods (see the next section). Tran- 
sient systems may not be detected because they show 
rare outbursts (e.g. XTE J0929-314) or more frequent 
outbursts that are too faint to be noticed in most sur- 
veys (e.g. NGC 6440 X-2). Unfortunately, there does not 
seem to be any pattern to the changes in either outburst 
lengths or recurrence times (individually), as the mass 
transfer rate decreases. 

Alternatively, many of these systems may have stopped 
accreting mass, allowing the NSs to become radio mil- 
lisecond pulsars. It is difficult to identify the pulsar 
descendants of UCXBs, since most short-orbital-period 
millise cond pulsars have orbital periods longer than pre- 
dicted pelovell2008tllvanova et al.ll2008D . This has led to 
the suggestions that the donor stars a re strongly heated 
and inflated , leadi ng to longer periods (|Rasio et al.ll2000l : 
iBailes et all 120111) and/or complete don or destruction 
(Bildsten 2002: Tvan Haaften et al.ll2012bO . or to the pos- 
sibility that many of these NSs are spun down as mass 
transfer decreases, and never b ecome pulsar s (|Jeffrevl 
[1981 IDelove et al.ll200l but cf. iTaurisI 120121 which ar- 
g ues against this). 

Ivan Haaften et aT] ()2012aD argue for enhanced UCXB 
angular momentum loss by donor wind mass loss to 
explain the companion of the millisecond pulsar PSR 
J1719-1438, which is a low-ma ss degenerate star in a 2.2 
hour orbit (jBailes et al.l 1201 TT ) . This scenario offers the 
appeal of simultaneously explaining the long period of 
this system (too long for standard evolution to produce 
during a Hubble time), and perhaps of explaining the 
high mass transfer rates of se veral longer-period UCXBs 
(jvan Haaften et al.l l2"012cD . Ivan Haaften et al.l (|2012aD 
note that a similar wind mass loss is suggested to ex- 
plain tli£_0£bjtalperiod derivative of SAX J1808. 4-3658 
(e.g. lBurderi"eratll2009l) . This scenario, however, suffers 
some difficulties. The orbital period deriva tive of SAX 
J1808 is accelerating (jPatruno et al.l I2012D . indicating 
that the orbital period evolution is probably driven by 
exchange of angular momentum between the donor star 
and the orbit, as seen in many oth er binaries (e.g. PSR 
1957+20. 1 Arzoumanian et aT1ll994D . The suggested mass 
loss rates may also be hard to achieve at this stage of 
their evolution. "Black widow" radio-eclipsing millisec- 
ond pulsars such as PSR 1957+2 show ablative winds of 
only ~ 10~ 13 - lCT 14 A Wyear (|Fruchter fc Gossl[T99l : 
lEichler fc Gedalinl 119951 ). (These companions are irra- 
diated by pulsar winds rather than X-rays, which will 
alter the physics of heating, but they intercept simi- 
lar energy fluxes from the primary.) However, those 
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lower-density black widow companions have surface grav- 
ities that are factors of ~ 10 4 lower than similar-mass 
WDs, using the mass and radius values for the PSR 
1957 +20 companion, M=0.03 4 M Q and R >0.25 Rq, 
from ([van Kerkwiik ct al. 20TTJ) . (As we see below, this is 
roughly the appropriate mass for two high-mass-transfer 
long-period UCXBs.) A final concern is that it is diffi- 
cult to understand how initially similar UCXBs with WD 
companions can evolve to the dramatically different mass 
loss rates seen among UCXBs with periods beyond 40 
minutes in our sample. Thus, we are skeptical that donor 
winds of the required magnitude are driven from UCXB 
companions, but the potential of this mechanism to solve 
several problems strongly motivates further study of this 
possibility. 

2.2. High-M systems 

There are two groups of UCXBs with periods of 
40-60 minutes, well-separated in their time-averaged 
mass transfer rates; transient sources with low rates, 
< 10 _11 M© per yr, vs. persistent sources with average 
rates ~100 times higher for the same period range (4U 
1626-67, 4U 1916-053, and 4U 0614+091). These per- 
sistent sources require an explanation other than simple 
WD evolution. 

One alternative is to invoke an angular momentum loss 
mechanism that is stronger tha n gravitational wave radi- 
ation. Donor wind mass loss (jvan Haaften et al"]l2012cl : 
see discussion above) is one possibility. Alternatively, if 
an accretor does not accept all the donor's material, a cir- 
cumbinary disk (CBD) could form. A CBD, as it rotates 
slower than the binary orbits, provides a tidal torque 
on t he binary, removing i ts orbital angular momentum 
(see lSpruit fc Taaml[200lT for more details on a simple 
CBD model). The strength of that tidal torque depends 
on the physics of the CBD, mainly its viscosity and the 
scale height, as well as on what fraction of the donor's 
mass loss ends up in the CBD, denoted as 5. The physics 
of the CBD can be further simplified, as for a standard 
a— viscosity disk the loss of a ngular momentum takes a 
simple form (|Shao fc Lill2012h : 

JCBD = A{GM) 2 ' 3 8 Mdonort 1 / 3 (1) 

Here A = (3a/3 2 /4) 1 / 3 , where a is the viscosity param- 
eter and (3 is the ratio of the scale height of the disk 
to its radius; with values for a standard disk a = 0.01 
and /3 = 0.03, A w 0.02. t is time after the start of 
the mass transfer. Studies performed for cataclysmic 
variables suggeste d that 5 <C 1, and its value is of or- 
der 10" 1 to 10" 3 (jTaam et al.ll2003D . Further analysis 
showed that for a standard CBD in a binary system with 

an orbital period of about 1 hour, 6 ~ 6 x 10~ 4 ig^ 3 
(where tg — t/10 9 years; IShao fc Lilf2012h . 

Using this formalism, a WD donor can drive a mass 
transfer rate of 2 x 10~ 10 M Q per yr at a period > 40 
minutes (note this is the minimum mass transfer rate in 
the second group), if the CBD model has 5 > 0.0025. 
This is several times larger than it should be for this 
evolutionary stage, typically S ~ 3 x 10~ 4 . See Fig. [5] 
where we show an example WD track with a very strong 
CBD included. 

A second option begins with an initially slightly 




-13 1 1 1 ' ' 1 

10 20 30 40 50 60 

Period Porb' minutes 

Fig. 2. — Various evolutionary tracks; standard He WD UCXB 
evolution (low- and high-entropy cases from C. Deloye), black; 
a UCXB with an extreme circumbinary disk (CBD), cyan; and 
our He star evolutionary tracks, at initial mass loss rates of 10 -7 
M0/year (pink; note that there is a short period where mass trans- 
fer stops), 10 — 6 MQ/year (red), and 10 — 5 Afgj/year (purple). Per- 
sistent and transient UCXBs are labeled with green circles and or- 
ange triangles, respectively. Note that either the CBD or He star 
evolutionary tracks can explain the persistent long-period UCXBs. 

evolved main sequence donor with a helium-rich core, 
where the orbit shrinks due to ma gnetic braking, and 
can reach ultracompact periods (| Nelson et al.l Il986t 
iPodsiadlowski et all l2002t ). Such an evolutionary se- 
quence can produce mass transfer rates of 10~ 9 M & / year, 
and thus explain the second group of systems. This 
evolution requires rather finely tuned initial parameters 
to reach ultracompact orbits, producing very few sys- 
tems with perio ds below 1 hour, and alm ost none be- 
low 30 minutes (Ivan der Sluvs et all [20051. This evolu- 
tionary sequence may leave some hydrogen in the core, 
a clear observable diff erence with the other sequences 
(jNelemans et al.ll2010f ). 

For a third alternative, a He star can be produced 
by a common envelope event and inspiral via gravi- 
tational waves until it makes contact at short periods 
while still fusin g He a t its center (see lYungelsonl 120081 : 
INelemans et all I2010t Ivan Haaften et al.l I2012d ). This 
avoids the fine-tuning difficulties with the evolved main- 
sequence star evolution. Naked He star donors gener- 
ally have radii much larger than WDs of the same mass, 
where this radius is also a function of its final entropy 
(we demonstrate this dependence in Figs. [3]and[4] where 
we show radius and central temperature T c evolution for 
a naked He core of a giant with initial mass of 5 M , 
evolved with different mass loss rates using the stellar 
code MESJiQ). Once a naked He star is formed - through 
a common envelope event - it also may start He burning 
in the core (note that whether it burns or not depends 
on the naked He star mass). This burning may be fully 
completed (in the sense that the core is fully converted 
to a carbon-oxygen core) during the mass loss sequence, 
depending on the initial post-common envelope binary 
separation, on how close to the giant tip the donor was 
before the common envelope event, and how fast the He 
star is losing mass (see Fig. [5]). As a result of this burn- 

3 MESA (Modules for Experiments in Stellar Astrophysics) is 
a collection of libraries for computational stellar astrophysics that 
is relied upon by a natively implemented one-dimensional stellar 
evolution code c apable of modelling stars at a wide range of evo- 
lutionary stages (Paxton ct al. 2011, 2013). 
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ing, a very low-mass carbon-oxygen donor can be formed, 
although in some cases He fusion is simply stopped by 
the rapid expansion of the donor and drop of its central 
temperature. For example, we note that very rapid mass 
loss leads to donor expansion and cooling, hence burning 
is rapidly depleted and a C/O core might not form. Con- 
tinued He burning is more likely to provide an inflated 
donor, vs. a donor that had a composite He/C/O core 
before the mass transfer (see Figs. [3] and [4}. At some 
point, the He donor starts to expand with continued mass 
loss - note that this can happen due to various reasons, 
e.g., due to the core's conversion into a C/O core, or to 
adiabatic expansion due to rapid mass loss. The point 
where the nuclear burning turns off can also be roughly 
identified as where the He star tracks begin to expand 
outwards to longer periods again (see Fig. [6] 

If a He star retained its entropy in the center due 
to either faster (in the past) mass transfer, or due to 
nuclear burning, tidal heating, or ongoing irradiation, 
it can provide the observed mass transfer rates requir- 
ing only gravitational wave radiation without invoking a 
CBD. We tested this situation by applying a fast mass 
loss rate to a He star model in MESA, and then checking 
what mass transfer rate this star (which is out of ther- 
mal equilibrium) will have if it is in a binary evolving 
only under gravitational radiation (see Fig. [5]). Nonde- 
generate He star cores (appropriate for the intermediate- 
mass progenitors re quired) expand upon mass loss from 
the outer envelope (jDelove k, Taaml 120101 : llvanoval 120111 : 
llvanova et al.l 120121 ) . Thus, they can continue to drive 
mass transfer as the orbit expands, giving mass trans- 
fer rates up to 10 -3 M©/year for some fraction of the 
core. A fully self-consistent calculation of the evolution 
of He stars in binary systems has not yet been performed, 
and the stage where the core will stop expanding is not 
well established. MESA does not include tidal heating or 
donor irradiation, which could increase the inferred mass 
loss rates. 

If the donor is an (inflated) He star evolving under 
gravitational wave radiation only, then mass transfer 
rates do not significantly exceed the Eddington rate dur- 
ing most of the mass loss evolution, while still transfer- 
ring ~ 0.5 Mq (Fig. IH]). If an accretor accepts most of 
the transferred mass below the Eddington limit, then the 
NS in such a binary could grow significantly more mas- 
sive than a NS with a WD donor, potentially forming a 
NS with M > 2M©. This is in contrast with WD UCXB 
evolution; cold WDs more massive than 0.08 M@, upon 
starting mass transfer, w ill exceed the Eddington limit 
(Bilds ten fc Delovel 12004] ) . so cannot efficiently transfer 
more than ~0.1 M to the NS. 



0.4 
0.35 
0.3 
p? 0.25 - 

3 0.2 

| 0.15 



0.1 



II 

He core, 10" 5 M Q /yr 

_ He core, 10" 6 M Q /yr 

He core, 10" 7 M Q /yr 
CO core, 10" 6 M Q /yr " " " 
White dwarf 


/ 1 

/ i 
/ i 
/ i 

y i 

t - 













0.3 



0.25 



0.2 



0.15 

Mass, M 



0.1 



0.05 



Fig. 3. — Evolution of mass and radius for He stars at different 
initial mass loss rates from our MESA calculations, including a He 
star stripped dow n to its CO core, vs. the evolution of a WD 
(Tout et al. 1997, their eq. 17, a rough approximation for either 
He or CO WDs). Note that the radii for He stars are substantially 
larger than WDs of the same mass. 
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Fig. 4. — Temperature evolution with time of He stars at different 
initial mass loss rates, including a He star stripped down to its CO 
core, from our MESA calculations. Note that He stars can retain 
high central temperatures down to very low masses. 
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Fig. 5. — Evolution of the nuclear burning luminosity as a frac- 
tion of the total luminosity for He stars at different initial mass 
loss rates from our MESA calculations. Note that the nuclear burn- 
ing turns off more quickly for higher mass-loss rates due to rapid 
donor expansion. The large initial nuclear luminosity (which may 
be larger than the total emitted luminosity) is due to the just- 
completed common envelope stage. 
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Fig. 6. — Mass evolution vs. orbital period of He stars at dif- 
ferent initial mass loss rates; tracks as in Fig. 2. These tracks 
are consistent in masses, orbital periods, and mass transfer rates 
(see Fig. 2) with the known information on 4U 1626-67 and 4U 
1916-053 (§3.3, 3.4). 
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He stars may show a wide range of surface abun- 
dances, depending on the initial post-common-envelope 
orbital period, which sets how lo ng the star burns He be- 
fore mass transfer stops fusion. iNelemans et al.l ([20101 ) 
present extensive calculations of the evolution and abun- 
dances of He stars. In the initial, rapid epoch of orbital 
shrinkage, the outer, unburnt helium layers are consumed 
(note that this epoch is very brief, < 10 7 years, and 
thus difficult to observe). After period minimum, the 
C/O fusion pr oducts are revea l ed, th ough some He is 
still available. INelemans et al.l ([20101 ) show that wider 
initial orbital periods (e.g. 200 minutes) give primarily 
C and O chemical compositions at P or b > 30 minutes, 
with reduced He. This matches the inferred compositions 
of 4U 1626-67 (substanti al C, O, and Ne, ISchulz et all 
12001 IWerner et all I2006T) and 4U 0614+09 (C and O 
dominate INelemans et al.ll2004J : w hile X-ray bursts ind i- 
cate the pres e nce of He without H, IKuulkers et aL|[20Tol ) . 
ISchulz et al.l ([2001D claimed an overabundance of Ne in 
local absorbing material around 4U 1626-67, which would 
be hard to explain with a He star (or any star hot enough 
to provide this mass transfer rate), since the Ne can 
only sink to the core in a cold WD. However, the evi- 
dence for overabundant Ne in absorption seems to have 
disappeared, leaving only the strong Ne X-ray emission 
lines as more amb iguous evidence for Ne's abundance 
iKrauss et all (|2007l) . 

We note that the He star mechanism to create longer- 
period, high-mass-transfer systems cannot work in glob- 
ular clusters, due to the relatively high masses of the ini- 
tal donors (>2.3 M P) ) and short lifetimes of the systems 
(Yungelson 2008). This is consistent with the lack of 
UCXB systems with unusually high mass transfer rates 
for their orbital period, like 4U 1626-67 or 4U 1916-053, 
in globular clusters. The lack of the He star mechanism 
in globular clusters also can explain part of the difference 
in the distribution of orbital periods between globular 
cluster and field UCXBs (th at field UCXBs hav e longer 
periods) which was noted bv lZurek etail (|2009[ ). 

2.3. Critical mass-transfer rates of He vs. C/O 
accretion disks 



iDelove k Bildstenl (|2003l ) and lLasota et al.l (|2008D ap- 
plied accretion disk stabil ity calculations to unders tand 
the behaviour of UCXBs. IDelove k Bildstenl (pOOl cal- 
culated the evolution of WD donors evolving to lower 
mass transfer rates as they move outwards, reaching mass 
transfer rates prone to disk instability (for solar compo- 
sition) as they reach orbital periods around 30 minutes 
and M crU = 3 - 6 x lO" 11 Af /yr. ILasota et all (|2008D 
pointed out that irradiated pure He disks require higher 
M for stability, and thus become unstable earlier, at or- 
bital periods around 20 minutes and M crit = 3— 5x 10~ 10 
M Q /yr. Lasota et al. (2008) also noted that this stability 
criterion lies above three known persistent systems, and 
suggested that this can be resolved by the donors retain- 
in g a small fraction of H, e.g. by the evolutionary models 
of Podsiadlowski ct al. (2002). These models have seri- 
ous difficulties explaining the numbers o f UCXBs at very 
short periods ([van der Sluvs et aI1[2005T) . Here, we show 
that the possession of carbon and oxygen in the disks of 
most of these UCXBs solves the problem. 

We take stability curves for He, C, O, and C/O disks 
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Fig. 7. — Stability limits for accretion disks of specified composi- 
tions and a radius equal to 2/3 the accretor's Roche lobe radius are 
plotted. Helium in red (solid line, for an unirradiated disk; dashed 
line, irradiated), oxygen in blue, carbon in green, C/O also in blue, 
and solar metallicity material ( irradiated) in magen ta. Irradiated 
disk limits (dashed lines) from [Lasota ct al. (2008), others (solid 
lines) from IMenou et alj II 2002T). The lo wer-entropy helium WD 
evolution track (Deloye & Bildstcn 2003) is plotted, as in Fig. 1. 
The meaning of the UCXB datapoints is as described in Fig. 1. 
Note that the unirradiated disk stability limits for C/O disks are 
~5 times lower than unirradiated He disk stability limits, and that 
irradiation will lower them further, thus reasonably explaining the 
persistence of the persistent UCXBs. 

from IMenou et all ([2002D . assuming M NS = 1.4 M and 
a = 0.1. The stability curves for C and C/O disks lie 
below most of the lowest-luminosity persistent sources 
(Fig. |7l). We also pl ot the irradiated disk M cr n lines from 
ILasota et al.l ([20081 ) for He and solar composition. Accu- 
rate M cr it calculations for irradiated C and/or C/O disks 
have not yet been done, but are clearly needed. However, 
we might estimate from the drop in M cr n for irradiated 
vs. non- irradiated He disks that the M cr n for irradiated 
C/O disks will probably cross the Deloye helium UCXB 
tracks around 10~ 10 M /yr, below all persistent UCXBs 
with known periods. Four of the six persistent UCXBs at 
or below the irradiated He stability line (4U 0614+091, 
4U 1626-67, 2S 0918-549, and M15 X-2 ) show strong C 
or O l ines in their optical or UV spectra ([Nelemans et al.l 
[2001 [2001 Ibieball et al.l[2005T ). Thus, C/O disks seem 
appropriate for them, and indicate they should be per- 
sistent, as observed. One of the other two persistent 
UCXBs below the helium stability line is 4U 1916-053, 
which shows He and N lines, but no C or O (the other, 
4U 1850-087 in a globular cluster, has no spectral infor- 
mation). We suspect that the nitrogen (a typical product 
of CNO cycle burning) could also lower the stability line, 
though to our knowledge no calculations for such disks 
have been performed. 

3. INDIVIDUAL UCXBS 

Here we consider the detailed properties of a few indi- 
vidual persistent systems, using all available information 
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to constrain their evolutionary history. These five sys- 
tems do not lie on the standard He WD UCXB tracks, 
though two of them have rather uncertain orbital periods 
(4U 1728-34 and 4U 0614+091). 

3.1. 2S 0918-549 

One persistent UCXB with a well-determined period 
and distance, 2S 0918-549, has a mass-transfer rate sig- 
nificantly below the low-entropy helium UCXB track 
(Fig. 1). Such a det ermination was suggested by 
iDeloye fc Bildstenl (pOOl as a method to securely iden- 
tify a UCXB donor as C/O rather than He. Th is de- 
termination is supported by (jNelemans et al.ll2004h . who 
identify 2S 0918-549's optical spectrum as closely resem- 
bling the disk of 4U 0614+09, which shows only C and O 
lines without detectable H or He (though some He, per- 
haps 10%, might remain). The mass-transfer stability re- 
quirement (jYungelson et alJ[2002t iNelemans et al.ll2010l ) 
suggests that the donor is a hybrid WD of initial mass 
<0.45 Mq. However, the helium mantle of such objects 
is generally lost at very short periods, so the observation 
of (like ly helium-powered) X-ray bursts ()in't Zand et al.l 
20053) from this system is hard to explain. 

3.2. 4U 1728-34 

4U 1728-34 has a suggeste d orbital period of 10.8 min- 
utes (| Galloway et al.l 12010). from Chandra data. Its 
time-averaged luminosity indicates a mass-transfer rate 
a factor of 3-5 below the predictions of any UCXB evo- 
lutionary track for an 11-minute period. This time- 
averaged luminosity is consistent with all X-ray measure- 
ments over the 30-year history of X-ray astronomy. If the 
period is verified, wc would not see any alternative to re- 
quiring substantial variations in its mass-transfer rate on 
timescales > 30 years. 

3.3. 4U 1916-053 

4U 1916-053 shows strong He and N lines in its opti- 
cal spectra, indicating a p redominantly H e dono r with 
CNO-processed material ()Nelemans et al.l I2006D . 4U 
1916-053 shows evidence for precession of its accretion 
disk, by showing a "superhump" op tical period 0.9% 
longer than its tr ue binary period (jChou et al.l 120011 : 
iRetter et al.l 12002). An empirically calibrated relation 
between the mass ratio, q = M2/M1, and the fractional 
excess e = (P s h — Porb)/Porb (where P s h is the [longer] su- 
perhump period ) , was shown for cataclysmic variables by 
iPatterson etafl (|2005f ) (see also lPearsonll2006l: IPattersonl 
120011) . e = 0.18g + 0.29<? 2 . Assuming that this relation 
also works for X-ray binaries (just ified by the few low- 
mass X-ray binaries considered in IPattersonl 120011 ) . we 
find q = 0.046, which for a NS mass of 1.4 ± 0.2 M 
(a range including the majority of well-measured NS 
masses), gives a companion mass of 0.064+0.010 Mq. 
Requiring the donor to fill its Roche lobe in a 50-minute 
orbit gives a radius of 0.082+0.005 Rq (twice as large as 
a cold WD of this mass). 

The assumption that mass transfer is driven only 
through gravitational radiation woul d then predict mas s 
transfer rates below 10~ 10 M /year (|Nelson et al.f l986). 
contrary to observations (Fig. 1), proving that additional 
angular momentum loss must be driving mass transfer. 
This information does not clearly discriminate between 



the He star and evolved main-sequence star evolution- 
ary channels, as both can produce tracks roughly match- 
ing the orbital period, mass, and mass transfer rate of 
4U 1916 -053 (see Figs. 2 and 6 fo r the He star chan- 
nel, andlNelson fe Rappa/po rt 2003's track M c = 0.0, or 
iPodsiadlowski et alJl2002f s Fig. 15, for the latter chan- 
nel). Alternatively, donor wind mass loss or circumbi- 
nary disks could provide the required angular momen- 
tum loss in the WD scenario, but as discussed above we 
do not favor these possibilities. 

4U 1916-053 is c learly below the irradiated helium 
disk stability line. lLasota et al.l (|2008t ) suggested that 
the presence of more than ~5% hydrogen in the disk 
would keep the disk stable and accretion persistent down 
to significantly lower mass transfer rates. Would such 
a fraction be detectable, say, in studies of thermonu- 
clear bursts? A small hydrogen f raction ~ 10% w ould 
not affect the durations of bursts (jCumminel 120031 ) , nor 
would it be detectable in current optica l spec troscopy 
(jWerner et al.l [200l INelemans fc Jonkerl [2010h . How- 
ever, due to hydrogen's larger energy release per nu- 
cleon, it could significantly change the energy released. 
The energy released per nucleon is estimated at Q n uc = 
1.6 + 4.0 < X > MeV /nucleon, where < X > is the 
mean hydrogen fraction (|Cu mming 2003; Fuii moto et al.l 
119871) . whi ch incorporates a 35% energy loss to neutrino 
emission. Ga lloway et al.l (|2008| ) measured the ratio of 
burst to persistent flux for 4U 1916-053, using a pair of 
bursts detected less th an 10 hours apar t with RXTE, as 
a = 78.8 ± 0.3. Using iGallowav et al.1 (|2008( l's relation 
between a and Q n uc, 



a = 44 
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we find that a typical mass range of Af =1.4 ± 0.2 Mq, 
#=11.5 km gives estimates of <A>=0.14±.08. Thus, 
the energy release from burning hydrogen vs. helium 
suggests that 10-20% of the accreted material should 
be hydrogen. This matches the predictions of a 10-20% 
abundance of hydrogen at the sur face of an evolved sec- 
ondary star of period 49 m inutes ([Nelemans et al.ll2010l ; 
iNelson fc Rappaportil2003l) . Such a fraction of hydrogen 
in the disk would nicely explain the persistence of this 
system. However, values of a may also be enhanced by 
incomplete burning of nuclear fuel, and often seem to 
vary with time in a single system, so further evidence of 
the existence of hydrogen should be sought. 

A distinguishing characteristic between the He star 
and evolved main-sequence star tracks is that the He 
star tracks are evolving to longer periods, while the rele- 
vant evolved main-sequence star tracks are reac hing their 
period minima at roughly this donor mass. IHu et all 
(2008) show that the orbit of 4U 1916-053 is expanding 

at the fast rate of P or b/Porb = 1-62 x 10~ 7 s _1 . This 
is ^100 times higher than the expected orbital period 
derivatives for the evolved main-sequence star scenario 
(jNelson fc Rappaport 2003), and ^5 times higher than 
the expected orbital period derivative for its mass and 
mass transfer rate, assuming conservative transfer where 



3M d ( 
M d \'M, 



Porb I Po' 

Orbital period derivatives orders of magnitude larger 
than expected, and/or with the wrong sign, are a 
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common problem of XRBs (e.g. IWolff et al.1 [200l 
IChou fc Grindlavll200l: IBurderi et all 120091) . Thev can 
often be explained by the transfer of angular momentum 
between the donor and orbit on timescales of years, as 
seen in several X-ray binary or millisecond pulsar systems 
with very low-mas s donors (jArzoumanian et al.l 119941 : 
iPatruno et al.f 2012). However, it is unclear whether such 
an explanation can apply to partly degenerate donors 
such as 4U 1916-053. The other opti on is nonconserva- 
tive ma ss transfer, as predicted by the Ivan Haaften et al.l 
(|2012d ) scenario. 

3.4. 4U 1626-67 

The other persistent UCXB with a constraint on the 
donor mass is 4U 1626-67. An upper limit derived 
from searching for timing variations in the X-ray pulses 
at the known 41.4 minute orbital period constrains 
the projected semima.jor axis o f the NS to <8 light - 
milliseconds (jLevine et al.l 119881: iShinoda et "all 119901 ) . 

This implies sin i < 7.8 x 10- 3 g- 1 (l+g) 2 / 3 M^ 4 P 42 2/3 
(|Chakrabartvl [l998) . where q is the donor/NS mass ra- 
tio, and i is the incl ination, measured from i = face-on. 
iSchulz et al.l J2001) found double-peaked emission lines 
in its spectrum, interpreted as the Keple r ian D oppler 
shifts of the accretion disk. iKrauss et al.l (|2007T ) mea- 
sured disk line velocities of v sin i=1700 km/s, which 
with the corotation radius of the NS at 6.5 x 10 cm 
(|Coburn et al.l [20021) . allows a constraint on the inclina- 
tion angle, i >22 degrees. Combining this with the pro- 
jected semimajor axis upper limit constrains the donor 
mass to <0.036 M for a 1.4 M NS. Requiring the 
donor to also fill its Roche lobe gives a radius of <0.06 
R Q . 

4U 1626-67 shows clear evidence of C, O, and Ne in 
its X-ray and optical spectra. Thus, the evolved main- 
sequence star track is ruled out. Its long-term accre- 
tion history has giv en a total fluence of 0.927 ergs cm 2 
([Krauss et al.ll2007h . or > 2.8 x 10 45 ergs for d >5 kpc 
(the minimum distance derived considering optical re- 
processing by iChakrabartvl [19981) . For a 1.4 M Q , 11.5 
km NS, the inferred total mass transfer is > 1.7 x 10 25 
g. For comparison, the maximum mass of a cold quies- 
ce nt helium disk in a 41.4 minute system is ~ 1.6 x 10 25 
g ()Lasota et al.ll2008T ). The latter estimate depends on 
the poorly-known viscosity, and was calculated for he- 
lium rather than C/O. Since C/O disks have lower in- 
stability limits (see §2.3), they will go into outburst at 
lower disk densities, and thus can store even less mass. 
Thus, it is very difficult to believe that 4U 1626-67 is 
undergoing a transient outburst; its mass transfer must 
indeed be persistent. This rules out the WD evolution- 
ary trac k, which cannot evolve a WD donor from short 
periods ([Delove fc Bildstenll2003T ). 

He star tracks can possibly explain the nature of 4U 
1626-67. Our He track with M = 10~ 6 M©/year passes 
nicely through its orbital period and most likely mass 
transfer rate. However, we can also calculate the mass 
of our simulated donors at 42 minutes, finding that the 
M = 10 -6 track gives a mass that is too high (Fig. 6). 
In addition, the inferred density of the donor seems too 
high for the M = 10~ 6 track (mass and radius limits 
above, and Fig. 3). The M = 10~ 7 track is a more 



appropriate fit for both. If 4U 1626-67 is at the rela- 
tively nearby distance of ^5 kpc (barely allowed within 
the distance errors; see Fig. 2, Table 1), its inferred lu- 
minosity and therefore M would also be consistent with 
the M = 10~ 7 track. Alternatively, the very high mag- 
netic field of this NS (3 x 10 12 G, ICoburn et all [200a) 
may provide additional magnetic braking in this system, 
which we do not attempt to model here. Finally, donor 
wind mass loss or circumbinary disks with a WD donor 
are also possibilities. 

The past and future of 4U 1626-67 are both unusual. 
To attain its current low-mass, high-entropy state, the 
donor star must have been fusing He when it started mass 
transfer, and thus must have transferred several tenths of 
a solar mass to the accretor. Yet the accretor has a mag- 
netic field of 3 x 10 12 G, compared to typical magnetic 
fields of 10 8 G for recycled NSs, which have likely been 
driven to fiel d decay due to accretion of a few tenth s of 
a solar mass (jBhattacharva fc van den Heuvellli"99l"l) . It 
is difficult to understand why the magnetic field of the 
NS in 4U 1626-67 did not decay. This suggests either 
that the NS in 4U 1626-67 underwent accretion-induced 
collap se (|Taam fc van den Heuve l 1986; Yungelson et al.l 
I2002D . or that the progenitor NS had an originally 
much higher field strength, of magnetar levels. We 
cannot infer the age of this system from its spin pe- 
riod, since its changes from spin-up to spin-down (e.g. 
ICamero-Arranz et al.l l2010f ) indicate that it is close to 
spin equilibrium. A difficulty with the accretion-induced 
collapse scenario is that mass trans fer will stop after th e 
collapse for a period of ~ 10 8 years (jVerbunt et alf l990). 
which should allow a low-ma ss donor to cool d own and 
join the st andard WD tracks (|Delove e t al. 2007). As the 
analysis of lVerbunt et al.l (|1990l) assumed rapid magnetic 
field decay in NSs, a detailed reconsideration of this sce- 
nario could be rewarding. 

3.5. 4U 0614+091 

The orbital period of 4U 0614+091 is not well- 
determined, although there are hints fro m both 
optica l photometry and s pectroscopy. IQ'Brienl 
(l2lx^.lSnahbaz et all (120081) . iHakala et all (|2011|), and 
iZhang et all (|2012f ) have found photometric evidence for 
orbital periods of 50-51 minutes, although not consis- 
tently (for instance, Hakala et. al. found a 50 minute 
periodic signal in only 1 of 12 datasets, and several of 
these papers found other possible periodicities). Weak 
evi dence for a 48.5 minut e orbital period was suggested 
bv lNelemans et all (I2006D from Ge mini/GMOS spectro- 
scopic data. but lMadei et al.l (|2013l) find evidence for a 30 
minute orbital period in the same Gemini/GMOS data 
as well as in VLT/X-Shooter spectra (and do not confirm 
the 48.5 minute period). No convincing e vidence of the 
orbital period is seen in X -ray observations (jHakala et all 
MTU. IMadei^t~aT1[2013l) . 

If the suggested 50-51 minute orbital period of this 
system is correct, then the persistent nature of this 
system and the C/O composition of the accretion disk 
(INelemans et al.l 120061: ISchulz et all 120101: IMadei et all 
[2010D suggest a He star donor, as for 4U 1626-67. A 
30-minute orbital period would not change this conclu- 
sion, as the inferred mass transfer rate would still be 
rather larger than can be supplied by standard WD evo- 
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lution. However, the uncertainty in the orbital period 
means that conclusions about the nature of this object 
remain unclear. The clear evidence for He in the X-ray 
bursts, along with the lack of any evidence for He in 
optical spectra of thi s object, presents another mystery 
(jKuulkers et al.l[20Toh . 



4. CONCLUSIONS 

We utilize the lumi nosity histograms calculated in 
Cartwrig ht et al.l (|2013[ ). new calculations of He star evo- 
lution, and a wide range of key facts from the literature 
to place constraints on the nature of various individual 
UCXBs. 

We have calculated time-averaged mass transfer rates 
for UCXBs with known (or suggested) periods, and com- 
pared them with theoretical mass transfer rates. Most 
agree very well with tracks for WD donors, supporting 
the idea that this is the primary route for UCXB produc- 
tion. A group of two or three systems with high (> 10~ 10 
M /year) mass transfer rates and long (>40- minute) pe- 
riods require alternative explanations, as standard WD 
evolution is incapable of reaching them. Circumbinary 
disks, while mathematically capable of providing the re- 
quired angular momentum loss rates, require rather un- 
feasible physical conditi ons. Enhanced donor win d mass 
loss rates (suggested bv lvan Haaften et al.ll2012d) might 
explain these systems, but we identify some potential 
difficulties with this explanation. We show that stel- 
lar cores burning helium when mass transfer starts (He 
stars) are capable of reaching these mass-transfer rates 
at these periods due to their much higher initial entropy 
and continued strong irradiation, and could explain all 
three systems. 

The disk instability line for helium accretion disks, 
even when irradiated by accretion X-rays, is too high to 
explain the persistent behavior of at least three, probably 
six, UCXB systems. We point out that C/ O disks have 
lower disk instability lines (as calculated bv lMenou et al.l 
2002) , which when considering irradiation can easily keep 
these systems persistent. As four of the six show evidence 
of carbon and/or oxygen in their optical, UV, and/or 
X-ray spectroscopy, this nicely explains their behavior. 
This provides a key physical explanation for the differ- 
ence between the empirical UCXB luminosity function 
and current theoretical ones. 
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entropy helium WD track. If its recent mass transfer 
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C/O disk. A tentative 10.8 minute period for 4U 1728-34 
would make this system's mass transfer rate impossible 
to explain by any evolutionary model, and require dra- 
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Two unusual UCXBs have additional data to test 
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disk, which permit an estimate of the mass ratio and 
thus of the donor mass; we derive M ( i onor =0.064±0.010 
M Q (assuming a 1.4 M Q NS). 4U 1916-053 shows helium 
and nitrogen in its optical spectra, which permits either 
an evolved main-sequence star or a slightly evolved He 
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tive suggests a He star for the donor, but is not conclu- 
sive. 
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frequency shifts. Combined with a constraint on the 
disk's inclination from the velocity of X-ray lines in the 
disk, we can constrain M<i onor <0.036 M (for a 1.4 M Q 
NS). C, O, and Ne line emission has been observed in 
the optical, ultraviolet, and X-ray. Its time-integrated 
X-ray luminosity indicates a total mass transferred onto 
the NS during its history of continuous accretion that 
exceeds the mass that can be stored in a C/O disk in a 
42-minute orbit, proving that this system is not experi- 
encing a transient disk-instability outburst, but is truly a 
persistent system. The chemical composition and mass- 
transfer requirements strongly suggest a He star donor. 
The unusually high magnetic field of the NS indicates a 
past history of substantially stronger, magnetar-strength 
fields or recent accretion-induced collapse of a WD. 
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